: [435][436][437][438][439][440] Corn as a food that is heated and cooled to allow starch retrogradation has higher levels of resistant starch (RS). Increasing the amount of RS can make corn an even healthier food and may be accomplished by breeding and selection, especially by using exotic germplasm. Sixty breeding lines of introgressed exotic germplasm backgrounds, selected for high yield, were grown in three tropical and temperate locations and analyzed for starch thermal characteristics and RS levels. Although actual values for all starch characteristics were within normal levels, most characteristics had significant genotypic effects, and all had significant location effects. Thermal properties of retrograded starch were more influenced by the environment than the thermal properties of raw starch, making retrograded starch traits more heritable than raw starch traits. This suggests
that a breeding strategy based on retrograded starch traits will have a better chance of success than a breeding strategy based on raw starch traits. A significant genotype effect for RS levels indicates that genotypic selection to raise the level of RS and increase the healthful aspects of corn food should be successful. Significant location effects indicate that breeders using winter nurseries to accelerate their breeding progress need to be careful when making selections using RS data collected on seed grown in the tropics. A small but highly significant correlation between RS and some thermal characteristics, especially percentage of retrogradation, indicates that we may be able to select promising genotypes for RS selection based on our extensive database of thermal characteristics collected on a wide number of diverse corn lines.
Corn starch is the major raw material for a wide range of industrial and food uses. Exotic maize germplasm may be an excellent source of improved quality because much of the corn grown outside the United States is consumed directly by humans and has undergone centuries of selection for flavors, aromas, and textures (Tracy 1990) . Studies indicate that significant variability for quality traits is present in corn genetic resources (Pollak 2003) . The Latin American Maize Project (LAMP) evaluated over 12,000 accessions for grain yield and agronomic data (Salhuana and Pollak 2006) . Along with the agronomic evaluations, many accessions and related breeding materials have been analyzed for starch traits (White et al 1990; Campbell et al 1995 Campbell et al , 1996 Campbell et al , 2002 Ng et al 1997; Pollak and White 1997) . These studies indicated great potential for improving adapted corn for these traits by introgressing exotic materials. The U.S. successor to LAMP, Germplasm Enhancement of Maize (GEM) (Pollak 2003; Salhuana and Pollak 2006) , enhances useful exotic germplasm to diversify the U.S. hybrid corn germplasm base. This germplasm also provides opportunity to impact starch traits (Singh et al 2001a (Singh et al , 2001b (Singh et al , 2001c Campbell et al 2002; Ji et al 2004; Lenihan et al 2005; Taboada-Gaytan et al 2009 , 2010a , 2010b Rohlfing et al 2010) .
Genetic background has substantial effects on the characteristics of starch that are attributable to changes in granule-size distribution (Katz et al 1993; Campbell et al 1996) , chemical structure (Lim et al 1994) , crystallinity (Stering 1962) , organization of the molecules within the granule (Shannon and Garwood 1984) , and molecular structure of the starch polymers (Sanders et al 1990; Jane et al 1999) . Research that examines how thermal properties of starch as measured by differential scanning calorimetry (DSC) relate to structural and functional characteristics of the starch is summarized by White (1994) . A characteristic measured by DSC, percentage of retrogradation (retrogradation enthalpy divided by gelatinization enthalpy), may indicate more resistant starch (RS) because during retrogradation a fraction of the starch becomes resistant to enzymes; it is known as type 3 or RS3 (Eerlingen and Delcour 1995; Haralampu 2000) . RS, considered to function as a dietary fiber, is defined as the fraction of dietary starch that escapes digestion in the small intestine because it is indigestible to the body's enzymes (Sajilata et al 2006) . Other starches are resistant because of the surrounding food matrix (RS1), are present in ungelatinized, raw starches (RS2), or are altered by chemistry (RS4).
Studies reviewed by Plate and Gallaher (2005) show that corn as a food has many health benefits by having a lower glycemic index (GI) and higher levels of phytochemicals than other widely consumed grains. Those foods made with high-amylose corn and foods that are heated and cooled to allow starch retrogradation, in other words corn foods with higher levels of RS, have especially low GI. We have a large database of information about the thermal properties of corn germplasm that was collected using DSC. Information about how thermal properties of starch from DSC relates to starch digestibility would allow us to use data from our screening evaluation to classify germplasm into categories that would promote use in applications that require either increased or decreased starch digestibility. Foods with higher levels of RS and corn with increased ethanol conversion are two of these applications.
A previous study examined measurements of RS with thermal starch characteristics in our new breeding lines that were selected for higher levels of RS and crossed with high-amylose and other endosperm mutants (Rolfing et al 2010) . In this study, our objectives were to examine RS and thermal starch characteristics in a set of adapted × exotic corn lines selected for high yield and to characterize the environmental effect on these characteristics.
MATERIALS AND METHODS

Genetic Material
According to GEM protocol (Pollak 2003) , exotic proprietary breeding crosses were made in winter nurseries in 1994-1995 with the Chilean accession CHZM 05 015 (PI 467165) by participating companies coded as 12 and 15, using their non-Stiff Stalk inbred lines (denoted CH05015:N12 and CH05015:N15, respectively). In a nursery near Ames, IA, in 1995 and 1996, the GEM breeding protocol was continued by selecting lines with the best * The e-Xtra logo stands for "electronic extra" and indicates that Supplementary  Table I appears online. agronomic traits. S 1 lines (981 and 770, respectively) were made in CH05015:N12 and CH05015:N15 and then advanced and selected to S 2 lines (203 and 154, respectively) in 1996 near Ames. Following GEM protocol, the S 2 lines were crossed to two commercial tester lines in a winter isolation near Ponce, PR, and the resulting F 1 hybrids were evaluated with check hybrids in yield tests using one replication in four to six Corn Belt locations in 1997. Selected high-yielding lines (14 from CH05015:N15 and 30 from CH05015:N12) were advanced to S 3 bulks in a nursery near Ames in 1998. These 44 lines were evaluated in this study. In addition, 16 lines developed using the same protocol from breeding crosses using tropical germplasm from Florida, Cuba, Mexico, Uruguay, and the Dominican Republic, and a tropical commercial hybrid was evaluated as well, bringing the total number of lines in the experiment to 60 (Table I) .
Grain Production
Increases of S 3 bulks described above were produced in Hawaii in the winter of 1998-1999 and in Clinton, IL, and near Ponce, PR, in the summer of 1999 by self-pollination. At maturity, all the self-pollinated ears from a row (3.8 m long and 76 cm wide) were hand-harvested and dried to approximately 10% moisture content by circulating warm air at 38°C for 72 hr; diseased ears and those that set few kernels were discarded. Grain from normal ears was bulked by row after shelling and stored at 4°C until needed.
Starch Extraction
From each entry, starch was extracted using the bench-top wetmilling procedure. Ten kernels from each ear were individually steeped and ground for starch extraction as follows. Each kernel was placed in a 10-mL screw-cap vial with a Teflon-lined lid, and 5 mL of 0.45% sodium metabisulfite in water was added, and the samples were steeped in a 50°C water bath for 48 hr. The samples were rinsed, and the pericarp and germ were manually removed and discarded. The remaining endosperm was placed in a 50-mL polypropylene centrifuge tube, and 30 mL of water was added. The samples were ground in the tube using a Polytron tissuemizer (Polytron PT-MR 3100, Kinematica AG, Littau, Switzerland) with a dual-blade probe (PT 3100, Polytron, Kinematica). The ground sample was filtered through 30-µm nylon mesh with sufficient amounts of water to rinse the starch through the filter. The starch slurry was placed in the refrigerator for 2 hr at 4°C. The liquid upper phase was then decanted, and the remaining starch was retained. The samples were washed three times. The starch was then air dried at room temperature.
The starch thermal analysis was conducted using the method of White et al (1990) with modifications by Krieger et al (1997) . Briefly, starch (4 mg, dwb) was weighed in aluminum pans, 8 µL of distilled water was added, and the pan was sealed with a crimper press. Pans were added to the Diamond DSC equipped with Intercooler 2P (Perkin-Elmer, Norwalk, CT) by using an autosampler. Once the pans entered the DSC oven, they were scanned from 23 to 110°C at 10°C per min. Data was then analyzed with Pyris Step Scan software (v.3.7, Perkin-Elmer, Norwalk, CT). All analyses for each replicate were conducted twice, and the averages were computed. Onset temperature (T o g ), peak temperature (T p g ), change in enthalpy (H g ), and temperature range over which gelatinization occurred (R n g ) were computed for the initial gelatinization. The gelatinized pans were stored for seven days at 4°C and rescanned to determine retrogradation by using the same program as for gelatinization but scanning from 30 to 90°C and measuring retrogradation onset temperature (T o r ), retrogradation peak temperature (T p r ), change in enthalpy of retrogradation (H r ) and temperature range over which gelatinization of retrograded starch occurred (R n r ) (White et al 1989) . The percent of retrogradation (%R) is the H r divided by the H g .
RS Assay
Megazyme's RS kit (K-RSTAR, Megazyme International, Bray, Ireland) was used with modifications. Ten milligrams of sample was weighed into 1.2-mL strip tubes. Four hundred microliters of pancreatic -amylase containing amyloglucosidase (AMG) was added to each tube, which was incubated at 37°C in a shaking incubator for 16 hr. Four hundred microliters of ethanol (99%) was added, and the tubes were centrifuged at 3,000 rpm for 10 min (noncapped). Eighty microliters of supernatant was set aside for solubilized starch analysis. The pellets were resuspended in 800 µL of 50% ethanol and then vortexed and centrifuged again at 3,000 rpm for 10 min, with 80 µL of supernatant again set aside for solubilized starch analysis. This step was repeated once.
RS was measured by adding a stir bar to each tube and 200 µL of 2M KOH. Pellets were resuspended by stirring for 20 min in an ice/water bath. Eight hundred microliters of 1.2M sodium acetate buffer was added while stirring, and then 10 µL of AMG (high concentration) was immediately added. Tubes were placed in a water bath at 50°C and incubated 30 min. Tubes were centrifuged at 3,000 rpm for 10 min. Ten microliters of sample was diluted in 90 µL of water. Five microliters of supernatant was then transferred to a flat-bottomed 96-well plate, treated with 150 µL of GOPOD (glucose oxidase/peroxidase) reagent, and incubated at 50°C for 20 min. A reagent blank was prepared by mixing 5 µL of sodium acetate buffer and 150 µL GOPOD. The glucose control is 5 µL of standard (5 µg) and 150 µL of GOPOD done in quadruplicate. Absorbance was measured at 510 nm in a plate reader.
Non-RS was measured by combining the saved supernatants and adjusting the volume to 1 mL by adding 760 µL of H 2 O. Fivemicroliter aliquots of this were incubated with 150 µL of GOPOD for 20 min at 50°C. A reagent blank was included, as with the RS samples, and measured at 510 nm.
The starch values were determined by the following equations:
where F is µg of glucose standard divided by its absorbance, E is the absorbance of the sample, and W is the mass of the sample.
Statistical Analysis
Lines or genotypes were considered fixed effects and locations random factors. Analysis of variance (SAS Institute, Cary, NC) was used to estimate the effect of each of the terms in the following model:
where Y is the observed value, Mean is the mean of the observed values in the experiment, Location is the effect of location, and Genotype is the effect of the genotype. Least squares mean values were predicted for each pedigree and used for the correlation analysis. RS was analyzed using the following model:
where Y is the observed value, Mean is the mean of the observed values in the experiment, Genotype is the effect of the genotype, Rep is the effect of replication of the RS assay, Strip is the effect of the strip tube used in the RS assay, Row is the effect of the row in the 96-well plate used in the RS assay, Weight is a covariate expressing the actual weight of sample in the RS assay (we used approximately 10 mg of sample per assay, but the actual values varied from 9.0 to 13.1), and Location is the effect of the location where the experimental sample was grown. Least squares mean values for each genotype were estimated and used in the correlation analysis. Mean values of each trait for each family were determined by first performing one-way analysis of variance by family. For traits with significant (P < 0.05) variation in the F test, significant differences were identified by pairwise t-tests among family members. Means and t-test results are reported in Table II .
RESULTS AND DISCUSSION
Two Principal Components Capture Most of the Variation in Starch Thermal Properties
In our thermal analysis of starch by DSC, we extract nine traits for each starch sample. Four of these traits describe the shape of the thermogram obtained on raw starch (T o g , T p g , H g , and R n g ), and four of these traits describe the shape of the thermogram on retrograded starch (T o r , T p r , H r , and R n r ). The remaining trait (%R) is a comparison of the areas of the thermograms. The individual traits can be interpreted in terms of starch structure. For example, the temperature range of the thermogram (R n ) reflects the heterogeneity of the starch in the sample, whereas the area under the thermogram (H) reflects the crystallinity of the sample. The onset (T o ) and peak (T p ) temperatures provide additional information about the shape and position of the thermogram peak. Thus, the shape, size, and position of the thermogram are reflections of starch structure, and the different traits we use to describe the thermogram are reflections of this structure as well. Unfortunately, a direct correspondence between a given thermogram trait and a specific aspect of starch structure is lacking, and our traits have different degrees of relatedness derived in part from mathematical relationships between them. For example, the area under the thermogram (H) is related to the temperature range of the thermogram (R n ). In an effort to extract the information related to starch structure from the DSC data, we carried out principal component analysis on all of the DSC traits. The first two principal components (PC1 and PC2) explained 39 and 32% of the variation, respectively, while the next principal component (PC3) explained only 11% of the variation. PC1 was influenced more by the raw starch gelatinization traits than the traits measured on retrograded starch, whereas PC2 was influenced strongly by the retrograded starch traits and to a lesser extent by the raw starch traits (Fig. 1) . The relatively poor alignment of raw starch traits with either of the first two principal components suggests that relationships among these traits due to underlying starch structure are weak compared with relationships due to other sources of variation. Fig. 1 . Principal component analysis of differential scanning calorimetry (DSC) traits. PC1 = principal component 1 and PC2 = principal component 2. Endpoints of the eigenvectors for each DSC trait are indicated by the trait name: ToG = temperature of the onset of gelatinization of raw starch, ToR = temperature of the onset of gelatinization of retrograded starch, TpG = peak temperature of gelatinization of raw starch, TpR = peak temperature of gelatinization of retrograded starch, DHG = enthalpy of gelatinization of raw starch, DHR = enthalpy of gelatinization of retrograded starch, RnG = temperature range over which raw starch gelatinizes, RnR = temperature range over which retrograded starch gelatinizes, and %R = percentage of the starch undergoing retrogradation. Mean values for each location (Illinois, Hawaii, and Puerto Rico) are shown in large bold print. Mean values for each genotype are numbered in the order used in Table I : 1 = CH05015:N12; 2 = CH05015:N15; 3 = CHIS775:S191; 4 = CUBA164:S200; 5 = DK212T:S0610; 6 = DKXL370:N11a; 7 = DREP150:N201; 8 = FS8B(T):N180; and 9 = UR13085:N021. 
Significant Variation Exists Among Genotypes and Locations for Most Traits
Significant differences were found for genotype effect for all starch variables in this study except for the DSC variables of onset temperature of retrograded starch and the temperature range of gelatinization of retrograded starch (Table III) . The highly significant effects of genotype for %RS indicate that within this set of mostly related breeding lines selected for high yield, there is enough variability for RS that genetic selection for higher values of this characteristic may be possible. Lines with high levels of RS in nonmutant backgrounds could lead to higher-yielding hybrids than those made using lines in mutant backgrounds, which are also associated with lower yield and agronomic problems.
Location effects were significant for all starch variables (Table III) . This means that there will likely be environmental effects on specialty starches, including amounts of RS, when hybrids are commercialized for these characteristics. This result makes sense because it has been shown that location affects starch structure in rice (Aboubacar et al 2006) , and in maize it has been shown that the temperature of the ear during development affects starch structure and gelatinization properties (Lu et al 1996) . Although we did not monitor the growth temperature of our field trials, it is likely that there were temperature differences between our locations. Because our locations included tropical locations in Hawaii and Puerto Rico, where many breeding programs operate winter nurseries, as well as a temperate location in the Corn Belt, where commercial specialty starch grain would likely be produced, we can infer that breeders need to be careful when making starch selections on lines returning from advancement in a winter nursery.
Heritability values for %RS are higher than those for most DSC characteristics, especially higher than for %R, a measure of R3 (Table III) . This is another encouraging indication that selection for higher RS levels may be possible in nonmutant and highyielding germplasm.
We next examined the influence of environment and genotype on the first two principal components described earlier. PC1 explains the variation in locations well, whereas PC2 explains the variation in genotypes well. The alignment of PC2 with both retrogradation traits and genotypes suggests that retrogradation traits have a relatively high degree of genetic control. This is consistent with the observation that the retrogradation heritabilities reported in Table III tend to be higher than the heritabilities reported for raw starch traits. It is reasonable that gelatinized starch traits are more heritable than raw starch traits because raw starch is formed under the influence of the field environment and, while the genetically controlled chemical linkages are the same as in the raw starch, the process of retrogradation occurs in a controlled environment.
Correlation of Starch Thermal Properties with RS
Correlation coefficients among the DSC and RS characteristics show that both RS and %RS are correlated with the DSC characteristics onset temperature of gelatinization (T o g ) and change in enthalpy for retrogradation (H r ) (Table IV) . Although significant and, in most cases, highly significant, correlation coefficients are not high. However, these correlations may be significant enough to use in selecting genotypes for a breeding program from our large database of DSC analyses on high-yielding breeding lines.
It is reasonable to expect correlations between thermal properties measured by DSC and RS because both traits are influenced by the degree of crystallinity of the starch. Rohlfing et al (2010) found correlation between peak temperature of gelatinization (T p g ) and RS, attributing the correlation to the presence of RS2 that would delay gelatinization. RS measured by the Megazyme RS kit is RS2 because the starch used in the analysis is not gelatinized, so our positive correlation between RS and T o g would have a similar explanation. Rohlfing et al (2010) found a correlation between their measurement of RS2 and H g but were unable to a %RS = percentage of resistant starch, T o g = temperature of the onset of gelatinization of raw starch, T o r = temperature of the onset of gelatinization of retrograded starch, T p g = peak temperature of gelatinization of raw starch, T p r = peak temperature of gelatinization of retrograded starch, H g = enthalpy of gelatinization of raw starch, H r = enthalpy of gelatinization of retrograded starch, R n g = temperature range over which raw starch gelatinizes, R n r = temperature range over which retrograded starch gelatinizes, %R = percentage of the starch undergoing retrogradation. b Probability of significance for these effects. NS = not significant (any effect P > 0.05). c Genotype effect sum of squares divided by total sum of squares. d Determined by JMP (v. 8.0, SAS, Cary, NC) fixed effect model analysis. explain its cause. Similarly, we observed a significant correlation between RS and H r . Structural features of starch that influence retrogradation may also influence digestibility of starch.
Most starch is eaten in gelatinized form, so our RS measurements from the Megazyme RS kit do not necessarily reflect the amount of RS3 or the amount that would be available for eating. An indication of RS3 amount would likely be the %R values from DSC, which were within normal limits in our germplasm set ( Supplementary Table I ). Our positive correlations between RS and %R and between %RS and %R are encouraging in that they may indicate that an increase in RS2 may be correlated with an increase in RS3. Rohlfing et al (2010) did not find significant correlation between RS2 and %R in their set of mutant lines.
Since the two principal components identified in this analysis represent a composite representation of complex DSC traits, we next examined whether these traits were superior to individual DSC traits for predicting content of RS. Correlations between RS and PC1 were similar to some DSC traits. Although PC1 reflects raw starch DSC traits to some extent, the strong influence of environmental variation on PC1 probably reduces the correlation of PC1 with raw starch traits sufficiently to make it not useful for prediction of RS. PC2 is an even poorer predictor of RS than PC1. This is expected because PC2 reflects genotypic variation and retrograded starch traits well, but retrograded starch traits are poor predictors of RS.
Thermal Starch Traits of Specific Genotypes
Whereas our previous study included genotypes that were developed and selected for RS, and subsequently many had higher values for this characteristic (Rohlfing et al 2010) , in this study we examined a set of nonmutant lines selected for high yield.
Although partly of exotic origin and thus possibly having modifying genes affecting RS, the lines were not expected to have unusual levels of RS and did not ( Supplementary Table I ). The germplasm used in Rohlfing et al (2010) also had higher variation in gelatinization and retrogradation profiles than did our germplasm, which was also expected. Values for our lines for both gelatinization and retrogradation profiles were both within normal limits ( Supplementary Table I ).
Significant variation was observed among families for T o r , T p r , R n g , R n r , %R, %RS, and PC2. The majority of these traits are related to retrograded starch, consistent with the observation that the environmental effect is smaller in traits measured on retrograded starch. The family CH05015:N12 was in the top significance grouping for all traits measured on retrograded starch, whereas the families UR13085:N021 and FS8B(T):N180 ranked near the bottom (Table II) .
Two families, CH05015:N12 and CH05015:N15, both with relatively large numbers of entries (30 and 14, respectively) were derived from the same exotic LAMP accession, but the breeding cross was made with a different elite Corn Belt parent. These two families offer a good opportunity to compare the effect of the nonexotic parent of the breeding cross. The family means are significantly different for T p g , H g , H r , R n r , R n g , %R, PC1, and PC2. The N12 family mean is higher for all traits except PC2. These data illustrate that although exotic germplasm was used in this study, some of the variation observed was contributed by the Corn Belt-adapted lines used to make breeding crosses.
CONCLUSIONS
We evaluated high-yielding breeding lines selected for high yield grown in temperate and tropical locations for starch characteristics by DSC and with the Megazyme RS kit. Values for our lines for both gelatinization and retrogradation profiles were both within normal limits ( Supplementary Table I ). Significant differences were found for genotype effect for most starch variables and for location effect for all starch variables. The significant genotype effects indicate that genetic selection for higher values of RS may be possible in nonmutant high-yielding lines.
The significant location effects indicate that environment will likely affect specialty starches when bred and grown commercially by amount or by function. Breeders will need to be careful if making selections coming from a winter nursery. Our positive correlations between RS and %R are encouraging in that they may indicate a correlation between RS2 and RS3. We may also be able to use DSC data to make selections for lines with higher RS levels.
Thermal properties of retrograded starch were more heritable than thermal properties of raw starch. This observation suggests that the gain from breeding should be greater on traits measured on gelatinized starch because some of the environmental influence is removed by the process of gelatinization.
